Dengue is one of the most important emerging diseases of humans, with no preventative vaccines or antiviral cures available at present. Although one-third of the world's population live at risk of infection, little is known about the pattern and dynamics of dengue virus (DENV) within outbreak situations. By exploiting genomic data from an intensively studied major outbreak, we are able to describe the molecular epidemiology of DENV at a uniquely fine-scaled temporal and spatial resolution. Two DENV serotypes (DENV-1 and DENV-3), and multiple component genotypes, spread concurrently and with similar epidemiological and evolutionary profiles during the initial outbreak phase of a major dengue epidemic that took place in Singapore during 2005. Although DENV-1 and DENV-3 differed in viremia and clinical outcome, there was no evidence for adaptive evolution before, during, or after the outbreak, indicating that ecological or immunological rather than virological factors were the key determinants of epidemic dynamics.
The phylogenetic analysis of gene sequence data is commonly used to determine the origins of disease outbreaks, particularly those caused by rapidly evolving RNA viruses (1, 2, 7, 9, 16, 26) . Historically, such molecular epidemiological studies have usually utilized a small number of genes and have largely concentrated on determining the origins of disease outbreaks and retracing their pathways of spread. As such, these studies have rarely been able to shed light on the precise spatial and temporal dynamics of viral transmission. Recently, whole-genome sequencing of viruses has been utilized to provide greater phylogenetic resolution on outbreak dynamics (12, 14, 15, 20) and is likely to become the benchmark in the near future.
One disease where genomic sequence may be especially informative is dengue fever, an acute febrile disease caused by a mosquito-borne RNA virus (dengue virus [DENV] ; singlestrand positive-sense, family Flaviviridae) and the most common vector-borne viral infection of humans; some 100 million dengue cases are reported on an annual basis, with epidemics especially common in Southeast Asia (10, 11) . The potential expansion of the viable geographic range for Aedes aegypti mosquitoes following global warming coupled with the current lack of an effective vaccine or antiviral therapies make understanding the epidemic dynamics of this important emerging virus a key priority.
Dengue has the ability to cause major outbreaks in urban settings, often with high levels of morbidity. The Singapore dengue outbreak of 2005 was the largest of its kind in this locality, with a case rate of 335 per 100,000 population (17) . The 2005 outbreak was also notable in that it was characterized by the cocirculation of two of the four viral serotypes-DENV-1 and DENV-3-combined with a low level of DENV-2 transmission. The resurgence of dengue in Singapore is particularly striking given that an aggressive vector control program started in 1970 has resulted in a very low household index of mosquito breeding sites (21) . Lessons learned in Singapore, with its long history of commitment to dengue control, may therefore be vital to the overall global effort in dengue prevention.
By undertaking a detailed analysis of whole-genome data sampled from a major outbreak of DENV in Singapore during 2005-the first of its kind-we demonstrate how a synthesis of comparative genomics and fine-scale spatial and temporal epidemiological data provides unprecedented power to reveal the origins, causes, and dynamics of this important emerging virus in a densely population urban environment.
MATERIALS AND METHODS
Collection of viral samples. Viral samples were collected as described in Low et al. (17) . Briefly, blood samples were collected by a research nurse from consenting patients presenting with fever of Ն38°C for less than 72 h. Portions (1 ml) of serum from samples confirmed as dengue positive by reverse transcription-PCR (RT-PCR) were inoculated onto the Aedes albopictus mosquito (C6/ 36) cell line (ATCC CRL-1660). Cells were incubated at 37°C for up to 10 days or until 75% of the cell monolayer showed cytopathic effects. Isolation of the virus was confirmed and serotyped by indirect immunofluorescence using DENV group-specific and DENV serotype-specific monoclonal antibodies.
Molecular analysis. Viruses were propagated by two passages in C6/36 mosquito cell culture. Virus titer was measured by using a plaque assay. Virus titers of at least 10 6 were found to be required for optimal success in subsequent RT-PCR steps. Viral RNA was extracted from the culture supernatant by using a Qiagen QiaAmp kit and extraction protocol.
The extracted RNA was copied to cDNA using an RT reaction, followed by PCR amplification. The virus was amplified as five overlapping fragments. Unless specified below the same conditions were used for all five fragments. RT of fragments 1, 3, and 4 was performed in a single tube. RT of fragments 2 and 5 was performed in separate tubes. Samples were kept on ice and pipetting was carried out using RNase free filter tips. PCR primers used in the RT reaction are detailed in Table S1 in the supplemental material and reaction conditions are presented in Table S2 in the supplemental material. The five RT fragments were subsequently amplified by PCR. The PCR primers that were used to amplify the RT fragments are detailed in Table S3 in the supplemental material. PCR of the RT fragments was carried out in a thermal cycler using the program shown in Table S4 in the supplemental material.
Gel electrophoresis was used for visualization of the PCR products as well as gel extraction and purification of products. The products were separated in 1% agarose Tris-borate-EDTA gels after visualization of ethidium bromide-stained bands under UV light. DNA was extracted from bands excised from agarose gels by using a Qiagen QiaQuick extraction kit.
Finally, gel-purified fragments were sequenced by using an Applied Biosystems BigDye ddNTP capillary sequencer. Viral genome sequences generated in the present study are deposited in GenBank with accession numbers EU081177 to EU081281. All genome sequences, their GenBank accession numbers, and their standard strain names (27) used in the analyses in the present study are detailed in Table S5 in the supplemental material.
Evolutionary analysis. To reveal the origins of the Singapore viruses we conducted a phylogenetic analysis of the complete coding region of the genome sequences of all those viruses sequenced here, as well as those already available in GenBank. This resulted in data sets of the following sizes: DENV-1, 145 taxa, 10,176 nucleotides (nt); DENV-2, 116 taxa, 10,173 nt; and DENV-3, 122 taxa, 10,173 nt. To determine the best-fit model of nucleotide substitution we used MODELTEST (24) . In all cases, the most general GTRϩIϩ⌫ 4 model, where GTR is generalized time reversible, I is proportion of invariable sites, and ⌫ is the shape parameter of the gamma distribution, was favored. Maximum-likelihood (ML) trees were then inferred under this model using PAUP* (30), with tree bisection reconnection branch-swapping in each case. Finally, a neighborjoining bootstrap analysis (1,000 replications), but using the ML substitution model, was used to determine the robustness of key nodes on each phylogeny.
To determine the population dynamics of DENV-1 and DENV-3 during the 2005 dengue outbreak in Singapore, we analyzed isolates that clearly diversified during the course of the epidemic. For DENV-1, this meant our analysis was confined to 53 genome sequences from Singapore (genotype I), while 42 genomes (genotype III) were used in the case of DENV-3. There were insufficient sequences for an analysis of DENV-2. Demographic and evolutionary parameters for both serotypes were estimated by using the Bayesian Markov Chain Monte Carlo (MCMC) approach implemented in the BEAST package (4). Because of the typically complex population dynamics we utilized the Bayesian skyline plot as a coalescent prior. This provides a piecewise graphical depiction of changes in the effective number of infections (N e ), where N e is the effective population size and is the generation time. We also utilized both strict and relaxed (uncorrelated lognormal) molecular clocks. The GTRϩ⌫ 4 model of nucleotide substitution was used in all cases, with the invariant-sites parameter (I) excluded since it tended to overfit to the data. Uncertainty in the data for each estimated parameter is reflected in values of the 95% high probability density (HPD), with all MCMC chains run for sufficient time (50 million steps, with 10% removed as burn-in) to ensure statistical convergence.
To determine the nature of selection pressures acting on each gene of DENV-1 and DENV-3 sampled from Singapore, we computed the mean ratio of nonsynonymous (d N ) to synonymous (d S ) substitutions per site (d N /d S ) using the single likelihood ancestor counting method available through the DATAMONKEY web interface (23) and assuming the GTR model of nucleotide substitution and an input neighbor-joining tree. This analysis also allowed us to compute the tree length (T L ) in substitutions per site for each gene. In addition, we used the CODEML program within the PAML package (33) to estimate an overall d N /d S for the entire coding region of both serotypes (the "one-ratio" model). This was compared to the case in which a separate d N /d S value was estimated for the external and internal branches of each data set (the "two-ratio" model).
Finally, to determine the strength of spatial structure in both DENV-1 and DENV-3, we first obtained the physical address of each viral isolate and produced clusters according to their geographical proximity by K-means clustering. For DENV-1, the physical address was available for 48 isolates, which were then placed into one of six different spatial groups (with a single-letter character state code identifying each group). In the case of DENV-3, address information was available for 42 isolates, and these were separated into four spatial groups. Although there are a variety of methods by which the extent of spatial structure in phylogenetic data can be determined, particularly utilizing parsimony character state mapping (28), we used a Bayesian MCMC approach (22) , thereby accounting for any error in the underlying phylogeny. This analysis was based on the trees output from the previous BEAST analysis (with a new BEAST analysis conducted on the 48-sequence DENV-1 data set), using 1,000 replications and with 10% of trees removed as burn-in. From these trees we computed the mean values, credible intervals, and significance of the parsimony score (PS) and association index (AI) statistics of the strength of geographical clustering (22) .
RESULTS AND DISCUSSION
Fortuitously, the 2005 outbreak coincided with the launch of the longitudinal EDEN (early dengue infection and outcome) study in the central Ang Mo Kio district of Singapore (17) . Of 133 RT-PCR dengue-positive patients enrolled during the EDEN study collected between April and November 2005, serotyping determined 66 (48.9%) to be DENV-1, 62 (46.6%) to be DENV-3, and 5 to be DENV-2 (3.8%). No cases due to DENV-4 were observed (17) , and one patient was found to be coinfected with serotypes 1 and 3. The detection of large numbers of DENV-3 in the Ang Mo Kio area was unusual as DENV-1 was the predominant serotype in the rest of Singapore. We were able to isolate 112 (84.2%) viruses, corresponding to 57 DENV-1, 50 DENV-3, and 5 DENV-2 isolates. Complete genome sequences were obtained for 54 DENV-1, 44 DENV-3, and 4 DENV-2 viruses. The remaining samples, although shown to be dengue positive by RT-PCR, did not yield sufficient viral RNA for genome sequencing.
To determine the origins of the viral isolates responsible for the 2005 dengue epidemic in Singapore, we conducted a phylogenetic analysis of the complete genomes of the viruses sampled here combined with representative DENV isolates taken from GenBank. To assist in this comparison, we also completed whole-genome sequences of some historical DENV samples from Singapore. All but one of the DENV-1 genomes from this epidemic were classified as genotype I, which commonly circulates in Southeast Asia (Fig. 1) . The single outlier belongs to genotype III, which is predominantly found in Latin America and West Africa (8) The four DENV-2 genomes form part of the "cosmopolitan" genotype (Fig. 2) , which has a wide distribution in tropical and The majority of DENV-3 genomes fell into genotype III (Fig. 3) . This genotype was originally associated with the Indian subcontinent until the mid-1990s, when it was introduced into Latin America and the Caribbean (19) . Of more importance from the perspective of this outbreak was that an isolate from genotype III was first detected in Singapore To determine the evolutionary processes that enabled the emergence of multiple DENV genotypes in a single outbreak we examined each of the amino acid changes associated with these viruses. Remarkably, no amino acid changes were completely fixed on the branches leading to the DENV-1 or DENV-3 isolates sampled in Singapore during 2005 (Fig. 4A) . indicates that none were capable of perpetuating the clade (Fig. 4B) . Finally, there was no evidence for positive selection in any gene of the Singapore viruses, with a relatively low ratio of nonsynonymous to synonymous substitutions per site (d N / d S ) in all genes and no evidence for site-specific positive selection (Table 1; which also gives a variety of other genespecific measures of genetic diversity).
To infer the epidemiological dynamics of DENV-1 and DENV-3 during the Singapore outbreak, we used a Bayesian coalescent approach (3, 5) incorporating data on the exact day of viral sampling. For both serotypes, we estimated the changing patterns of relative genetic diversity through time as reflected in the effective number of infections (N e ) using a Bayesian skyline plot and assuming a relaxed (uncorrelated lognormal) molecular clock (although very similar results were observed under a strict molecular clock; these results are available from the authors on request). Similar epidemic profiles were observed in both viruses, comprising a rapid growth phase followed by a constant population size, although the mean age of the common ancestor was significantly greater in DENV-1 (1,740 days; 95% HPD ϭ 741 to 3,222 days) compared to DENV-3 (298 days; 95% HPD ϭ 225 to 387 days), indicating that already diverse lineages of DENV-1 were present in Singapore at the outset of the 2005 outbreak (Fig. 5) . Similarly, mean estimates of peak N e were smaller in DENV-3 (1,632 days; 95% HPD ϭ 56 to 4,334) than DENV-1 (7,211 days; 95% HPD ϭ 637 to 23130), although with overlapping HPD values. Interestingly, DENV-3 was not widely reported in Singapore during the outbreak and appeared to be mainly contained to the sampling area, which supports this result. The substitution dynamics of both serotypes were also similar, with mean evolutionary rates of 1 ϫ 10 Ϫ3 substitutions/site/year (95% HPD, 0.4 ϫ 10 Ϫ3 to 1.6 ϫ 10 Ϫ3 substitutions/site/year) and 1.3 ϫ 10 Ϫ3 substitutions/site/year (95% HPD, 8.7 ϫ 10 Ϫ4 to 1.8 ϫ 10
Ϫ3 substitutions/site/year) for DENV-1 and DENV-3, respectively, and equivalent to those estimated previously for DENV (32) .
As an additional analysis of evolutionary dynamics, we determined the genetic distance (under the ML substitution model) for each pair of DENV-1 and DENV-3 sequences and compared these values to time intervals of sampling (based on day of fever onset) (Fig. 6) . Interestingly, it appears that genetic distances are often higher between isolates separated by shorter periods of time but then decline between pairs sampled over a longer time period (although this analysis does not take into account phylogenetic structure). This may in part be due to the presence of transient deleterious mutations in samples that are only separated by short time periods (such that genetic distances strongly reflect the background mutation rate), which are later purged by purifying selection, so that longer-term genetic distances are more indicative of the population substitution rate (12) . This is supported by the observation that d N /d S is higher on external (0.130 and 0.157) than internal (0.081 and 0.030) branches of the complete coding region phylogenies for both DENV-1 and DENV-3, respectively, as expected if most nonsynonymous polymorphisms are deleterious (25) .
Interestingly, our analysis of DENV spatial dynamics in Singapore revealed significant population substructure (i.e., the existence of distinct spatial clusters) in both DENV-1 and DENV-3. This spatial dynamic was especially strong in the case of DENV-3 (P Ͻ 0.001 for both the PS and AI statistics) compared to DENV-1 (P ϭ 0.008 and 0.037 for the PS and AI statistics, respectively). Hence, although these viruses were sampled from a relatively restricted region within Singapore, the movement of hosts and/or vectors is sufficiently limited that spatial structure is present in the data. Finally, the viremia from each patient's sera was estimated from a crossover threshold (Ct) calculated using quantitative RT-PCR at 1 to 3 days and 4 to 7 days after fever onset. A low Ct value of the RT-PCR, indicating high viremia levels, in the first sampling has been previously shown to be predictive of severe thrombocytopenia in our cohort (31) . The Ct value for DENV-1 was significantly lower (P ϭ 0.002) than for DENV-3 at both the first (17.07 versus 19.76) and the second (26.87 versus 29.57) serum samplings, indicating a higher viremia level for DENV-1. DENV-1 also resulted in a significantly (P ϭ 0.021) higher ratio of hospitalizations among the sampled population compared to DENV-3 (0.74 versus 0.50) and may also be reflected in the higher values of N e for DENV-1 than DENV-3.
Overall, these results suggest that ecological and/or immunological factors, rather than aspects of viral evolution, were central in shaping the dynamics of this dengue outbreak. Most notably, two different serotypes, and multiple cocirculating genotypes, emerged simultaneously, experienced similar epidemiological dynamics, and seemingly spread without the aid of positive selection, accumulating no amino acid fixations. Similarly, it is clear that viral evolution did not succeed in extending the epidemic; despite numerous mutations (Table 1) that few, if any, of these mutations provided any selective advantage in the face of rising immunity. However, both DENV-1 and DENV-3 appear to possess an inherent robustness that allows them to persist at a low level of infection at times when ecological and immunological conditions do not favor an outbreak. This is supported by the observation that the DENV-1 and DENV-3 lineages that characterized this outbreak were found in Singapore as early as 2003 but did not result in an outbreak until 2005. However, a wider sampling of viral isolates from neighboring geographic areas is needed to fully test this analysis. Furthermore, dengue epidemics in Singapore follow a regular 6-to 7-year periodic cycle, which is difficult to explain by patterns of viral evolution or by vector population density and might be more attributable to changing levels of herd immunity (6) . In addition, in Colombia it has been observed that epidemic years are correlated with an increase in the infection rate of mosquitoes and not the total number of mosquitoes per household (18) , indicating surveillance of mosquito populations may also be important in understanding epidemics. Together, our results have important implications for the future study and control of DENV epidemics. In particular, the epidemic surveillance of viral genome sequences in this case would not have been sufficient to predict the 2005 outbreak. Hence, incumbent strains with apparently inherent epidemic potential are required but apparently not sufficient to spark an outbreak. Concurrent surveillance of viral isolates, mosquito vectors (including the proportion of mosquitoes infected with DENV), and periodic surveys of seroprevalence rates of the population may therefore provide the additional required predictive information. The chance discovery of the DENV-3 outbreak also highlights the value of comprehensive city-wide fever surveys in detecting rare events.
